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Introduction
T cells become activated via the interaction of T cell receptors (TCRs) with antigen-derived peptides bound to integral membrane proteins encoded by major histocompatibility complex (MHC) class I or class II genes (pMHCs). Ligation induces phosphorylation of the TCR complex via CD4-and CD8-p56lck complexes leading to the recruitment of ZAP-70 and phosphorylation of multiple downstream adaptor proteins including LAT and SLP-76, the latter associating with GADS (1-6). Early imaging studies demonstrated that T cell activation is often accompanied by micrometer-scale clustering of proteins at the interface with antigen presenting cells (APC) (7, 8) , as also visualized at other immune cell contacts (9, 10) . More recent higher resolution imaging has revealed smaller aggregates of protein termed microclusters within the T cell immune synapse (IS) (11) (12) (13) (14) (15) (16) (17) . Importantly, TCR signaling is initiated in such microclusters (15) (16) (17) (18) , and the signals are terminated as microclusters move from the periphery to the centre of the IS (14, 15) . Signaling by inhibitory NK cell receptors is also largely confined to small domains within the IS (18) which can be important for how activating and inhibitory signals are integrated (19) . The full range of heterogeneity, localization and dynamics of microcluster formation is at an early stage of discovery.
Building on the approach previously established by Bunnell, Samelson, their collaborators and others (15) (16) (17) , we set out to address this issue by using multi-color live-cell microscopy to visualize the supramolecular organization of fluorescent protein-tagged ZAP-70, SLP-76, GADS 4 and LAT during T cell activation. We found that ZAP-70, LAT, or SLP-76 form separate clusters in response to TCR ligation with ZAP-70 and SLP-76 found primarily at the cell surface and a substantial fraction of LAT in sub-synaptic vesicles. Vesicles rich in LAT trafficked rapidly between surface clusters of SLP-76 where they underwent decreased motility and where phosphorylated LAT (pY191 and pY226) was enriched. In this system using anti-CD3 coated coverslips, ZAP-70 formed an array of immobile clusters at the activating surface within which vesicles containing LAT moved. We also determined that negative signaling via Ig-like transcript 2 (ILT2) disrupted the formation of both ZAP-70 and SLP-76 microclusters. Thus, these data suggest that signaling at the IS can involve interactions between sub-synaptic vesicles and cell surface microclusters.
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Results
Discrete clusters of adaptors assemble at the T cell IS
Microclusters of proteins containing the central adaptor protein SLP-76 are continuously generated at the periphery of the IS following the initial phase of T cell spreading in response to antigen (14) (15) (16) (17) . Here, we followed the organization of proteins associated with the SLP-76 'signalosome' by co-expressing YFP-tagged SLP-76 pair-wise with adaptor proteins LAT or GADS tagged with red fluorescent mCherry. Anti-CD3 mAb immobilized on glass coverslips was used to stimulate Jurkat T cell transfectants, as used previously by others (11, 13) . Images were acquired after the initial antigen-induced spreading response, specifically to consider how T cell signaling is sustained. Activation-induced clusters of mCherry-tagged GADS co-localized and co-migrated with SLP-76-YFP microclusters ( Fig. 1A and Movie S1). This is consistent with constitutive SH3 domain-mediated association of GADS and SLP-76 (6) . In striking contrast, LAT and its binding partner SLP-76 segregated into separate puncta with distinct dynamics (Fig.   1B and Movie S2). Intriguingly, LAT clusters moved between distinct clusters of SLP-76 and colocalized or juxtapositioned for prolonged periods of time ( Fig. 1C and Movie S3).
We next examined the organization of these same sets of proteins within intercellular synapses between Jurkat T cells and superantigen-pulsed Raji B cells. For this, we utilized our recently described approach of orienting T cell/APC conjugates vertically with optical tweezers to obtain high-resolution images of intercellular immune synapses (20) . In agreement with the images using antibody-coated slides, images of T cell/APC interfaces revealed that GADS co-localized 6 with SLP-76 whereas LAT organized within domains that were largely segregated from SLP-76 (Fig. 1D, E) . Quantitatively, the Pearson's correlation coefficient, Rr, was 0.76 ± 0.03 for GADS and SLP-76 and only 0.19 ± 0.07 for LAT and SLP-76 (n>10).
LAT accumulates within sub-synaptic vesicles
The TCR is known to cycle between plasma membrane and vesicular compartments in resting and activated T cells (21) . Similarly, TCR-associated signalling molecules, including LAT and SLP-76 have been shown to be present both at the plasma membrane and within intracellular vesicles. A fraction of SLP-76 can accumulate in vesicles upon T cell activation, whereas vesicles containing LAT exist in resting T cells (3, 12, (21) (22) (23) . To investigate whether some of the observed protein 'clusters' represented membrane-proximal cytoplasmic vesicles, rather than proteins directly bound to the cell surface, we stained SLP-76-transfected Jurkat T cells with the fluorescent lipid DiI and let cells rest for 12 hours in order to allow for internalization and dispersion of DiI into cytoplasmic vesicles ( Supplementary Fig. S1 ). From this, it was clear that SLP-76 predominantly localized in clusters distinct from DiI-stained vesicles ( Fig. 2A) in Jurkat T cells stimulated with activating surfaces. Instead, plasma membrane-proximal vesicles stained by DiI were seen to move between the clusters of SLP-76 and would transiently co-localize.
Analogous behaviour was seen for plasma membrane-proximal vesicles stained by DiI at intercellular immune synapses in live Jurkat T cell/Raji conjugates (Fig. 2B) . A substantial fraction of LAT (but not SLP-76) clearly localized to DiI-stained vesicles within a confocal 'optical slice', i.e. within ~500 nm, of the interface between Jurkat T cells and activating surfaces ( Fig. 2C and Movie S4). Quantitatively, we found that 30 ± 7% of LAT exists within intracellular compartments in resting T cells, consistent with previous reports (22) . We observed 7 that this percentage increased upon stimulation by antigenic surfaces (supplementary Fig. S2 ), consistent with increased c-Cbl mediated internalization of activated LAT (24) . In contrast, little phosphorylated LAT was detected within intracellular compartments in activated cells, confirming that active LAT is primarily present at the T cell plasma membrane (Fig S2) .
Studies of T cell synapses by total internal reflection fluorescence microscopy (TIRF) microscopy have demonstrated that LAT accumulates in microclusters at the T cell plasma membrane (15, 16) . These surface microclusters are not easily revealed by confocal microscopy, due to the worse signal-to-noise ratio compared to the thinner optical section obtained by TIRF microscopy. We therefore used TIRF microscopy to clarify whether LAT imaged by confocal microscopy was distinct from cell-surface microclusters. Jurkat T cell transfectants expressing fluorescent-tagged LAT or SLP-76 were imaged initially by TIRF microscopy to identify membrane associated proteins (penetration depth ~130 nm), followed by wide-field microscopy which would additionally reveal surface-proximal vesicles (depth of focus ~500 nm) in the same cells (Fig. 2D, E) . For LAT, TIRF microscopy identified surface microclusters, as previously described (15, 16) . Wide-field microscopy could not detect many of the LAT microclusters, due to increased background fluorescence within the thicker optical section, but instead identified a significant accumulation of LAT deeper within the cell, i.e. in membrane-proximal cytoplasmic vesicles, not detected by TIRF microscopy (Fig. 2D) . In contrast, most clusters of SLP-76 imaged by wide-field microscopy (~90%) co-localized with clusters also imaged by TIRF microscopy, indicating that most SLP-76 was within surface microclusters (Fig. 2E ).
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To further determine the nature of LAT-containing vesicles, we compared the location of LAT with markers for different vesicular compartments. We found that 70% of vesicles containing LAT-mCherry also contained GFP-Rab7, suggesting that LAT was localized in late endosomes (Fig. 2F) . 22% of vesicles containing LAT-mCherry contained GFP-Rab8a, indicating some of the vesicles containing LAT are those trafficking directly from the Golgi to plasma membrane (Fig. 2F ). This suggests that most vesicular LAT has been internalized from the cell surface into Rab7-positive vesicles, while a smaller fraction is nascent LAT in Rab8a-positive vesicles.
Imaging by others suggested that clusters of SLP-76 are first internalized into cytoplasmic vesicles, such that they are not detected by TIRF microscopy, before being mobile (12) .
Consistent with this, we also found that some (<10%) SLP-76 microclusters disappeared from the plasma membrane, imaged by TIRF microscopy, while migrating from the periphery to the centre of the IS. However, microclusters of SLP-76 could also remain plasma membraneassociated, i.e. be detected by TIRF microscopy, and be motile, generally moving centripetally 
Association of vesicular LAT with surface microclusters of SLP-76
Next, we tracked the speeds and trajectories of individual protein clusters with a view to assessing their interactions. Microclusters of SLP-76 formed at the periphery of the T cell/coverslip interface and migrated towards the centre (Fig. 3A) , as described previously (11, Importantly, the speed of vesicular LAT or vesicles stained by DiI was reduced by more than 50% when co-localized with microclusters of surface SLP-76 (Fig. 3D, E) . At intercellular synapses, the speeds of vesicles and microclusters were generally faster than at contacts with antibody-coated slides but importantly, vesicles containing LAT similarly slowed when colocalized with SLP-76 microclusters ( clusters which did not move centripetally. In contrast, transfection of wild-type LAT restored the normal phenotype and dynamics of SLP-76 function. Importantly, for those SLP-76 clusters that did form, the duration of contact with vesicles containing mutant LAT was significantly less (p=0.002) than the time of contact with vesicles containing wild-type LAT (Fig. 3G ). This determines that the reduction in speed of LAT vesicles seen upon co-localization with SLP-76 is directly influenced by the interaction between LAT and SLP-76. Thus, either the vesicles of LAT directly bind surface microclusters of SLP-76, or their movement must be confined by a mechanism that is dependent on the LAT/SLP-76/GADS interaction.
Movement of sub-synaptic vesicles is defined by the distribution of ZAP-70
LAT is phosphorylated by the protein tyrosine kinase ZAP-70 (3) and therefore, we next investigated how ZAP-70 was organized in relation to vesicular LAT. In T cells activated by surfaces coated with anti-CD3 mAb OKT-3, ZAP-70 formed an array of clusters that did not show any directed movement, as previously described (26) . Surprisingly, the movement of subsynaptic vesicles stained by DiI and of vesicular LAT appeared restricted by the presence of ZAP-70 clusters (Fig. 4A, B and Movie S6, Movie S7). Specifically, vesicles moved along paths in-between clusters of ZAP-70. Previously it has been demonstrated that activation of T cells by immobilized anti-CD3 mAb lead to formation of immobile surface clusters of the TCR (27) .
Here, clusters of ZAP-70 co-localized with such stationary clusters of TCR (Fig 4C) . This is consistent with immobile clusters of ZAP-70 representing sites of TCR signaling. The movement of vesicles containing LAT between such clusters demonstrates that these vesicles are tightly coupled to the architecture of the immune synapse and in particular to the organization of TCR/ZAP-70 signaling complexes.
Phosphorylation of LAT at SLP-76 clusters
To assess the activation state of LAT, we stained transfectants with Ab against phosphorylated forms of LAT, specifically pY191 or pY226 (22) . In transfectants expressing fluorescent proteintagged SLP-76 and LAT, LAT phosphorylated at Y191 or Y226 was detected in clusters where LAT and SLP-76 co-localized (Fig. 5A-D) . Clusters of SLP-76 away from large puncta of LAT were associated with lower levels of phosphorylated LAT, whereas LAT away from SLP-76 very rarely contained any detectable phosphorylated LAT (Fig. 5C, D) . Results were similar when cells were additionally stained with DiI, which identified LAT 'puncta' as sub-synaptic vesicles ( Supplementary Fig. 5A ). Fig. 6A) . Ligation of ILT2 also lead to a large reduction in the number of SLP-76 clusters formed (Fig. 6B) , likely a direct consequence of ZAP-70 cluster formation being abrogated. In the few cells which did form SLP-76 clusters, movement of these clusters was restricted to small distances back and forth and not directed to the centre of the interface (Fig. 6C) . Furthermore, ILT2 engagement reduced the speed of vesicles containing LAT (Fig. 6D ). No significant difference was then detected between the speed of free LAT and LAT associated-with SLP-76 clusters when ILT2 was ligated. In live conjugates of superantigenpulsed APCs with ILT2-transfected Jurkat T cells, ILT2 clustered at the APC/T cell interface and inhibited the formation of SLP-76 microclusters at the IS (Fig. 6E) . Inhibition of SLP-76 cluster formation could be overcome by blocking ILT2 ligation by using a mAb against class I MHC protein (Fig. 6F ). Therefore as a prototype for the action of negative receptors, ILT2 interrupted the assembly of microclusters at the IS. Similarly, negative signaling upon CTLA-4 ligation has recently been also been shown to inhibit ZAP-70 clustering (30), indicating that the action of inhibitory receptors on T cells may generally act upstream of the formation of protein microclusters.
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Discussion
Here we describe the dynamics of distinct assemblies of functionally connected TCR-proximal signaling components SLP-76, LAT, and ZAP-70 at the IS. The adaptor protein LAT is an integral plasma membrane protein that links antigen recognition by the TCR with several key downstream signalling components (1, 31). High-resolution imaging studies have shown that antigen receptors and LAT are organized in distinct domains at the plasma membrane, which juxtaposition, but remain separate, upon antigenic stimulation (32, 33) . LAT functionality therefore involves the spatio-temporal regulation of protein assemblies. Moreover, a significant fraction of LAT has been shown previously to accumulate within intracellular vesicles (3, 21, 22 ). Here we found that dynamics of LAT in sub-synaptic vesicles was strikingly governed by the architecture of the IS. Specifically, the movement of LAT-containing vesicles was confined to tracks between ZAP-70-containing microclusters representing the TCR activation sites. 
Materials and methods
Cell culture and constructs
Jurkat T cells (ATCC, Manassas, VA) were grown in R10 medium (RPMI-1640 with 10% FCS, 2 mM L-glutamine, and penicillin/streptomycin). LAT-deficient JCam2 were a kind gift from A. Immune synapses within T cell/APC conjugates were imaged at high resolution by orientating cells using optical tweezers, as recently described (20) . Such optical tweezers were generated by coupling an infrared laser beam (980 nm) into the non-scanned beam path of a commercially available confocal microscope (Leica TCS SP5), with minimum effect on the cells due to low water absorption at this wavelength. Tweezers could be moved in all three dimensions using simple optics such as activatable mirrors (xy) and translatable lenses (z). Importantly, confocal imaging could be performed with no restriction during manipulation of cell conjugates, therefore allowing imaging of intercellular T cell/APC immune synapses at full speed (> 1fps) and resolution (250nm). Total internal reflection fluorescence microscopy was performed using laser lines 473 nm or 532 nm directed through an epifluorescence microscope (IX71, Olympus, Tokyo, Japan) fitted with a 60x 1.45NA oil immersion objective. The penetration depth of the evanescent wave at the normalised intensity was calculated by intensity correlation analysis of the images in ImageJ. Live-cell images were acquired at 37°C, 5% CO 2 , using R10 as imaging medium.
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